Dual fluidized bed gasification reactors are used in a wide range of biomass conversion processes. Some of the important processes are steam gasification of biomass for combined heat and power (CHP) production and synthesis processes leading to production of liquid and gaseous biofuels. Gas-solid multiphase flow and thermochemical processes are responsible for overall performance of the reactor. The multiphase flow involves reacting flow of solids (biomass and bed materials) with gases (steam and product gas components). The thermochemical process involves devolatilization of wood followed by steam gasification, CO 2 gasification, methanation, water gas shift and methane reforming. In order to optimize the performance of the reactor, it is important to study each of the global reaction and their reacting flow separately.
Introduction
Biomass is a renewable source of energy that does not contribute to greenhouse gas emission. Moreover, emission of sulphur and nitrogen compounds from the biomass is less in comparison to coal [1] . These factors make biomass an attractive source of energy. Wood is the largest representative among the biomass [2] . The energy recovery from the biomass is possible through the thermo-chemical conversion processes such as pyrolysis and gasification. Actually, pyrolysis is also a part of the gasification process. The gasification process mainly occurs in two stages: first devolatilization (pyrolysis) of biomass and then char conversion [3] . Char conversion can be achieved through the gasification of the char using gasification agents. The gasification agents can be air, oxygen, carbon-dioxide and steam. There are different types of gasification reactors such as fixed bed, moving bed and fluidized bed. Fluidized bed reactors are most popular among them due to their high heat and mass transfer rates that result in high rate of product gas. Among the different fluidized bed gasification reactors, steam gasification of wood in dual fluidized bed is one of the promising technologies for biomass conversion.
Dual fluidized bed gasification reactors are used in wide range of biomass conversion processes. Some of the important processes are gasification of biomass for combined heat and power (CHP) production and synthesis processes leading to production of liquid and gaseous biofuels [4, 5] . The principle of dual fluidized bed gasification process is shown in Figure 1 . The reactor is divided into two separate zones: combustion and gasification. The combustion zone is a circulating fluidized bed reactor. The fluidizing gas is air. In the combustion zone, inert bed materials such as olivine particles or quartz sand are heated by burning fuels. The heated bed material is then circulated to the gasification reactor. The purpose of the recirculation of bed material is to supply necessary heat for the endothermic gasification reaction in the gasification zone.
The gasification zone is a bubbling fluidized bed reactor for steam gasification of biomass. The fluidizing gas is a high temperature steam. Biomass feed to the gasification reactor is mixed with hot bed materials. The biomass in the reactor is dried and devitalized to produce volatile gases and solid char particles. The char particles further react with steam to produce a mixture of combustible gases in addition to some CO 2 and water vapour. The technology is developed by Vienna University of Technology in Austria. The technology is demonstrated as a successful story in the example of the biomass CHP plant in Güssing, Austria [6] .
Despite the novelty of the technology, the efficiency of the technology needs to be increased in order to make it sustainable and competitive in the world energy market. It is believed that the thermo-chemical process inside the gasification rector is one of the major factors that can increase the performance of the reactor significantly. The thermo-chemical process inside the reactor depends on a number of operating parameters as well as the design of the reactor. Experimental study of the thermo-chemical behaviour has been difficult due to high operating temperature in addition to time consumption and material costs related to the requirements of constructing hot models and pilot plants. The design of the reactor needs to be changed in order to study feed location of bed material and biomass. Therefore, taking a benefit of rapidly growing computational prediction methods such as CPFD simulation is a fast and economic way to study and optimize the reactors. This work is focused on the analysis of thermochemical process in the gasification reactor and the effect of fluid-dynamic parameters on the process.
Gasification reactions
In the dual fluidized bed gasification system, the gasification reactor is regarded as the heart of the system. Fluid-dynamic properties and the thermo-chemical process in the gasification reactor are responsible for the overall efficiency of the reactor. The thermo-chemical process in the gasification reactor constitutes several reactions. Identification of all the reactions and their kinetics and simulating them are almost impossible [7] . However the processes can be virtually divided into a group of separate sub-process which constitutes the major global processes.
Devolatilization is the first step of the biomass gasification. First, the biomass is dried and then it undergoes the process of devolatilization. The process is endothermic. All necessary heat for the process is supplied by the hot bed materials which circulate between two zones of the reactor.
The quantity and quality of volatiles produced in this process significantly affect the overall gas composition of the final product gas. The heating value of the product gas depends on its composition.
The biomass investigated in this work is wood chips. The wood is assumed as a virtual chemical compound with the elemental analysis given in Table 1 [8] . Elemental analysis of wood.
The elements included in the table are only the major elements with significant weight fraction.
The ash content (composition of elements such as potassium, calcium, sodium, silicon, phosphorous and magnesium) in wood is less than 1% [9] . The nitrogen content of the wood is 0.2%. For the simplicity of modelling all these minor components are neglected. Finally, the process of devolatilization of the wood can be modelled as shown in Equation (1).
The kinetics of devolatilization is assumed as given by equation (2).
The kinetics of the conversion process depends on the structure of the biomass and the heat and mass transfer inside the biomass particles [10] . Temperature, pressure and heating rate are the main operating parameters.
The second step of the gasification process is the char gasification. The reaction of char particles with fluidizing steam is the major process of char conversion. Hence the name of the process is steam gasification. The char particles also react with the CO 2 and H 2 gases produced during devolatilization of the wood. The major global reaction and reaction kinetics are given in Table 2 [11, 12] .
Char yield and char reactivity are important in determining the capacity of the gasification reactor [8] . Minimum residual char production and maximum reactivity of char makes the reactor more efficient.
The chemistry described in the Table 2 is specified as mass action kinetics [13] . The reactions are described by stoichiometric equations and their rates. The effect of particle concentration on the reaction rate will be included within the reaction coefficient k. During the overall process of gasification, the biomass particles are heated from just above the ambient temperature up to the gasification reaction temperature (about 850°C) [14] .
Besides the heterogeneous char gasification, the third step of the process is homogeneous gas-gas reaction. This step involves water-gas shift reaction and 
Model description
There is an increasing application of Computational Fluid Dynamics (CFD) modelling approach in the prediction of gas-solid multiphase flow. EulerianEulerian and Eulerian-Langrangian are the two approaches commonly used in the CFD modelling. The difference between the two approaches lies in the modelling of gas-solid interaction.
In the Eulerian-Eulerian approach, the solid particles are considered as continuous phase interpenetrating and interacting with the gas phase. Both the fluid and solid are averaged by a statistical procedure. The averaging procedure creates many unclosed terms [7] . In order to close the terms, constitutive equations are required for particle phase as well as the particle gas interactions. These constitutive equations are derived from the kinetic theory of granular flow [15] . There are mainly two short-comings related to this approach. The closure models describing the mass, momentum and energy transfer between multiple continuous phases are complicated and not universally valid [16] . Separate closure models are valid only for mono-dispersed particles which makes it almost impossible to solve the multiphase flow with a wide range of particle sizes [7] .
Eulerian-Langrangian approach tracks individual particles in time and space. The equations of mass, energy and motion are solved for individual particles. The approach offers the most accurate description of the particle motion (translational, rotational and particle-particle collision), chemical reaction and heat-mass transfer between the dispersed phase and the gas phase at the individual particle scale.
There are quite a lot of publications describing inert particle simulations using DEM model but only few describing particle systems involving heat and mass transfer and chemical reactions. In thermal reacting flows, the size of the particles changes due to devolatilization and gasification. Moreover rates of reactions and fluid temperatures depend on the solid surface areas, types of solid materials and discrete solid temperatures [7] .
The CPFD numerical methodology incorporates the multi-phase particle in cell (MP-PIC) method for calculating dense particle flows. The CPFD method is a hybrid numerical method, where the fluid phase is solved using Eulerian computational grid and the solids are modeled using Langrangian computational particles. In MP-PIC, an isotropic particle stress gradient is added to the equation of motion of the particles. This addition enables the method to calculated flows of particles with any volume fraction from the dilute to the closed packed limits [17, 18] .
In order to apply CPFD methodology for heat transfer and chemistry with solid material pyrolysis, an enthalpy equation is solved to calculate flows with large chemistry-induced temperature variations. The bed in the gasifier has a complex gas and solid flow patterns that help determine the gas-solid and gasgas chemical conversion rates [7] .
The CPFD methodology solves the fluid and particle equations in three dimensions. The fluid dynamics is described by averaged Navier-Stokes equations with strong coupling to the particle phase. The CPFD numerical methodology has been applied in this work. The aim of this work is to study the thermo-chemical process in the gasification zone. The reactor is modelled as bubbling fluidized bed reactor. The combustion zone is replaced by input and output of bed material to the gasification reactor as shown is Figure 2 . The simulation parameters and boundary conditions applied in the simulations are presented in Table 3 . 
Results and discussion
A series of simulations have been performed for the individual reactions occurring in the gasification reactor. The reaction sequences involved in the separate simulations are presented in Table 3 . The sequences are further used as reaction sequence number 1, 2, 3, 4, 5, 6 and 7 for the description of the simulations.
The initial step of the simulation is volatilization of biomass which is the preliminary step for the rest of global reactions. Each of the reactions is simulated for the identical operating conditions and parameters. The simulations were run for 300s of real time. The volume percent of accumulated product gases are monitored during the simulation. The results of the simulation for reaction sequence 7 are used to calculate the product gas volume percent in dry basis. The volume percentages of the gases are compared with real data from the biomass gasification plant in Güssing, Austria. The results show a reasonable agreement between simulation and plant data.
During the simulation time, the accumulated quantities of gas species leaving the reactor are monitored. The accumulated gas compositions for each of the reactions are compared in Fig. 4 . The reaction sequence is the same as given in Table 3 . The simulation sequence 1 represents the volatilization of wood chips. The steam to fuel ratio for the simulation is 1 and this ratio is one of the important parameters of the steam gasification process. Insufficient amount of steam in the reactor will have a negative effect on the product gas composition. Excess steam into the reactor makes excess amount of steam in the product gas. On the other hand, steam acts as fluidizing gas and the flow behavior and fluidization properties depend on the steam flow rate. Figure 4 shows that the maximum percent of steam occurs in the product gas in the stage of volatilization. The significant decrease in the steam indicates the steam consumption in the simulation sequences 2, 5 which are the steam gasification and water-gas shift reaction. Only small amount of steam is used for CO 2 gasification. The major part of methane is formed during the volatilization of the biomass.
Most of the CO gas is produced during volatilization and steam gasification reaction and a significant part is consumed during water gas shift reaction contributing to increase the content of H 2 and CO 2 . The volatilization, steam gasification and water-gas shift reactions are responsible for further hydrogen formation. A significant percentage of the hydrogen is formed during the watergas shift reaction. The amount of hydrocarbons as tar does not change since their reactions are not considered in the model.
The contours of particle volume fraction of wood and char are presented in Figure 5 and Figure 6 respectively. The contours are snap shots at the simulation time of 300s. Important information of the behavior of the reacting solid particles can be found from the contours of their volume fraction. The first obvious information is the major part of unreacted wood particles is floating on the top of the dense bed. The bed material and wood particles does not seem to be well mixed as required by the properties of fluidized bed system. The steam, biomass and bed material feeding velocities, biomass and bed material feeding positions, gas particle densities and reactor geometry are some of the parameters that can be optimized to get the desired mixing. The contours of char volume fraction shown in Figure 6 are different for the different reactions. The similarity between them is that the char particles are mainly located on the top of the bed. Reaction sequence 1 is only volatilization and no char conversion is taken place. Consequently the volume fraction of char is high in this case. The high char particle volume fraction on reactions sequence 5 and 6 indicate low char conversion. The char particle volume fraction on steam gasification (sequence 2) is less than that of CO 2 gasification and methanation (sequence 3 and 4) indicating that the steam gasification reaction is responsible for more char conversion. The total reaction (sequence 7) shows that the maximum conversion of char is obtained when all the reactions are included.
The contours of char particles in all reactions show the accumulation of the particles on the top of the bed indicating the insufficient mixing between char and bed materials. The exact experimental evidence of bed material and wood/char mixing phenomenon in reacting flow is not found easily in the published literatures. Consequently, the result of the work also indicates the need of further investigation of mixing and segregation of particles in fluidized bed reactors.
Conclusion
A series of simulations have been performed to investigate the individual reactions involved in biomass steam gasification in a dual circulating fluidized bed gasification reactor. The reactions such as steam gasification, CO 2 gasification, methanation, water-gas shift reaction and methane reforming reactions are simulated along with the volatilization of biomass. The simulation parameters such as biomass and bed material circulation rates, bottom steam feed rate, fluidization velocity and reaction temperature are kept constant for all www.witpress. com, ISSN 1743-3533 (on-line) reactions. The contribution of the different reactions on the production of combustible gases (H 2 , CO and CH 4 ) has been studied. The reactions do not affect significantly the production of CH 4 . The gas CH 4 is mainly produced during devolatilization of the biomass. Steam gasification contributes to significant formation of CO and H 2 components of the product gas. The watergas shift reaction contributes to significant consumption of CO forming more H 2 . Steam gasification and water-gas shift reactions are the major contributors to the formation of more hydrogen component in product gas.
